We have isolated a Lofus japonicus cDNA corresponding to a highly abundant, late nodule-specific RNA species that encodes a polypeptide with a predicted molecular mass of 15.6 kD. l h e protein and its corresponding gene were designated Nlj16 and LjNOD16, respectively. LjNOD16 was found to be expressed only in the infected cells of L. japonicus nodules. Related DNA sequences could be identified in the genomes of both Glycine max and Medicago safiva. I n the latter, a homologous mRNA species was detected in the nodules. Unlike LjNOD16, i t s alfalfa homologs appear t o represent low-abundance mRNA species. However, the proteins corresponding to the LjNOD76 and its alfalfa homolog could be detected at similar levels in nodules but not in roots of both legume species. l h e predicted amino acid sequence analysis of nodulin Nlj16 revealed the presence of a long a-helical region and a positively charged C terminus. The former domain has a very high propensity to form a coiled-coil type structure, indicating that nodulin Nlj16 may interact with an as-yet-unidentified protein target(s) i n the nodule-infected cells. Homology searches revealed no significant similarities to any known sequences i n the databases, with the exception of two related, anonymous Arabidopsis expressed sequence tags.
We have isolated a Lofus japonicus cDNA corresponding to a highly abundant, late nodule-specific RNA species that encodes a polypeptide with a predicted molecular mass of 15.6 kD. l h e protein and its corresponding gene were designated Nlj16 and LjNOD16, respectively. LjNOD16 was found to be expressed only in the infected cells of L. japonicus nodules. Related DNA sequences could be identified in the genomes of both Glycine max and Medicago safiva. I n the latter, a homologous mRNA species was detected in the nodules. Unlike LjNOD16, i t s alfalfa homologs appear t o represent low-abundance mRNA species. However, the proteins corresponding to the LjNOD76 and its alfalfa homolog could be detected at similar levels in nodules but not in roots of both legume species. l h e predicted amino acid sequence analysis of nodulin Nlj16 revealed the presence of a long a-helical region and a positively charged C terminus. The former domain has a very high propensity to form a coiled-coil type structure, indicating that nodulin Nlj16 may interact with an as-yet-unidentified protein target(s) i n the nodule-infected cells. Homology searches revealed no significant similarities to any known sequences i n the databases, with the exception of two related, anonymous Arabidopsis expressed sequence tags.
Symbiotic nitrogen fixation is a unique example of a complex and subtly regulated biological process that takes place in a specialized plant organ-the nodule. Upon infection with specific strains of symbiotic bacteria belonging to the genus Rkizobium, Bradyrhizobium, or Azorkizobium, root cortical cells of legume plants undergo a dedifferentiation process that eventually leads to the formation of a nodule meristem. A highly organized and controlled series of events thereafter culminates in the formation of a fully functional, nitrogen-fixing nodule. Nodule ontogeny appears to be predominantly controlled by a plant morphogenetic program (for a recent review, see Gresshoff, 1993) . Multiple signals, derived from both the host plant and the symbiotic bacteria, specify the induction and coordination of this organogenic process, which involves the activation of specific genes in both symbiotic partners (for review, see Schultze et al., 1994) . A collection of genes encoding plantnodule-specific proteins, collectively referred to as nodulin genes (van Kammen, 1984) , has been isolated from various
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species of legumes (for review, see Mylona et al., 1995) . These genes have been traditionally classified as early or late nodulin genes, reflecting the developmental time point of their expression (Nap and Bisseling, 1990) . Induction of the early nodulin genes has been correlated with early morphogenetic processes such as preinfection, infection, and cortical cell division (Nap and Bisseling, 1990; Franssen et al., 1992; Cook et al., 1995) . However, the functions and requirements for nodulation (Csanadi et al., 1994) of the early nodulin genes have not been elucidated.
Significant progress has been made in unraveling the cascade of both bacterial and plant signals, which initiate and direct early morphogenic events. The discovery of a set of flavonoid inducers of plant origin and Rkizobiumderived lipochito-oligosaccharide signal molecules known as Nod factors has led to exciting progress in this area (Horvath et al., 1987; Spaink et al., 1987; Lerouge et al., 1990; Spaink, 1992) . Although research on the early stages of nodulation has progressed rapidly, the developmental cues and molecular events responsible for the final steps of nodule formation and functioning remain largely unknown (de Bruijn and Schell, 1992) . These late stages include important events such as central nodule tissue formation, bacterial release from infection threads and plant cell colonization, production of peribacteroid membranes, bacteroid differentiation, and eventually, commencement of nitrogen fixation (Sprent, 1989) . The latter process is accompanied by major molecular and biochemical alterations, which create and support the physiological requirements for nitrogen fixation and ammonia assimilation (Nap and Bisseling, 1990) .
In spite of the highly complex nature of the late developmental events, only a limited number of late nodulin genes have been identified and characterized. Typical members of this group include genes encoding enzymes involved in specific biochemical pathways, e.g. the y subunit of Gln synthetase involved in ammonia assimilation (Lara et al., 1983; Gebhardt et al., 1986; Bennett et al., 1989; Boron et al., 1989; Legocki, 1993), uricase I1 (Legocki and Verma, 1979; Bergmann et al., 1983) , xanthine dehydrogenase (Triplett, 1985) , SUC synthase (Thummler and Verma, 1987) , peribacteroid membrane proteins (Fortin et al., 1985 (Fortin et al., , 1987 Verma, 1992; Mia0 and Verma, 1993) , leghemoglobins (Brisson et al., 1982) , and a number of Plant Physiol. Vol. 11 3 , 1997 proteins, the functions of which remain to be identified (Delauney and Verma, 1988) . Recently, a symbiotically induced MADS-box containing gene (nmh7) has also been identified in alfalfa root nodules (Heard and Dunn, 1995) . It has been suggested that the protein encoded by this gene could be involved in cellular activities specific to the differentiation of the infected cells (Heard and Dunn, 1995) .
Although a number of late nodulin genes have been isolated, it appears likely that additional genes remain to be identified. Further cloning and detailed characterization of genes coding for novel late nodulins is crucial for understanding the molecular and biochemical details of nodule functioning and late morphogenic events. Therefore, we have initiated a systematic search for novel, latenodule-specific transcripts in the model legume Lotus japonicus (Handberg and Stougaard, 1992; Jiang and Gresshoff, 1993 ) using the RNA differential display technology described by Liang and Pardee (1992; and also K. Szczyglowski, D. Hamburger, P. Kapranov, and F.J. de Bruijn, unpublished data). We report here the isolation and molecular characterization of LjNOD26, a novel, late-nodulin gene from L. japonicus.
MATERIALS A N D METHODS

Plant Material
Lotus (Lotus japonicus GIFU B-129-S9) seeds were kindly provided by Dr. Jens Stougaard, Aarhus University, Denmark. Seeds were surface-sterilized and germinated as described by Handberg and Stougaard (1992) . One-week-old L. japonicus seedlings were inoculated with Rhizobium loti strain NZP2235 (Jarvis et al., 1982) and transferred to pots (30 plants per pot) containing a 6:l mixture of vermiculite and sand. A11 plants were grown in cabinets with a controlled environment: 18-h/ 6-h day / night cycle, light intensity of 246 pE s-' m-*, 22"C/18"C daylnight temperature regime, and 70% RH. Both inoculated and uninoculated control plants were watered using nutrient solution (Broughton and Dilworth, 1971) 
Nucleic Acid isolation, Southern and Northern Analyses
Plant genomic DNA was isolated following the procedure described by Rogers and Bendich (1988) . Total RNA isolation was performed according to the method of Verwoerd et al. (1989) , except that the extraction buffer was as described in Hall et al. (1978) . The poly(A)' fraction of total RNA was isolated using oligo(dT)-cellulose spin column kits (5 Prime+3 Prime, Inc., Boulder, CO) following the manufacturer's instructions.
For Southern blot analysis, 10 pg of genomic DNA was completely digested using the appropriate restriction enzymes, separated on 0.8% agarose gels, and transferred to nylon filters according to standard procedures (Sambrook et al., 1989) . Membranes were prehybridized and hybridized under high-(2x SSC) or low-stringency conditions (4x SSC), 0.5% SDS, 5X Denhard's solution, and 100 p g mL-' of denatured sheared salmon sperm DNA at 65°C. Washes were carried out under low or high stringency, as described by Sambrook et al. (1989) .
For northern analysis, 10 pg of total RNA was separated on 1.2% agarose-formaldehyde gels in Mops buffer, as described by Sambrook et al. (1989) , and transferred to nitrocellulose membranes (Fisher Scientific). Prehybridization and hybridization reactions were performed in 0.5 M phosphate buffer, pH 7.2, 7% SDS, and 1% BSA at 65"C, according to the procedure described by Church and Gilbert (1984) . Filters were washed twice for 15 min in 2X SSC, 0.1% SDS, and once for 15 min at 0.3 X SSC, 0.1% SDS at 65°C. Probes were labeled with [a-32P]dATP using a random primer kit (Boehringer Mannheim) following the manufacturer's instructions.
RNA Differential Display
Differential display was carried out using mapping kits (RNAmap, GenHunter Corp., Brookline, MA), essentially following the manufacturer's instructions. cDNA synthesis was performed using 0.5 pg of total RNA isolated from 21-d-old L. japonicus roots, or nodules harvested 21 d after rhizobial infection. Differentially expressed bands were purified from the polyacrylamide gel and reamplified using the procedure described in the manual of the mapping kit. The DNA fragments were purified on a 1% agarose gel, blunt-ended using the Klenow fragment of DNA polymerase I, and cloned into the SmaI-digested vector pK18 (Pridmore, 1987) .
cDNA Library Screening
The cDNA library from mature nodules of L. japonicus was kindly provided by Dr. Jens Stougaard, Aarhus, Denmark. The library was constructed with oligo-dT primer in lambda vector (UniZAP, Stratagene). Screening for fullcopy cDNAs corresponding to the PCR-5 product was performed following standard procedures (Sambrook et al., 1989 ; Stratagene manual).
turer's instructions. Computer analysis of DNA sequences was carried out using SeqEd software (Applied Biosystems). Analysis of predicted protein sequences was performed using the GCG (Genetics Computer Group, Madison, WI), PHDsec (Rost and Sander, 1993,1994) , and COILS version 2.2 (Lupas, 1996) programs. Homology searches were performed using BLAST software (Altschul et al., 1990) .
In Situ Hybridization
Twenty-one-day-old nodules were fixed, dehydrated, and embedded into paraffin according to procedures described by Van de Wiel et al. (1990) . Nodule sections of 7 pm were hybridized with digoxigenin-UTP labeled antisense and sense RNA probes, using the conditions reported by Engler et al. (1994) . The full-copy cDNA encoding nodulin Nlj16 and a cDNA representing a L. japonicus leghemoglobin gene were used to prepare RNA probes using a labeling kit (DIG-RNA, Boehringer Mannheim) following the manufacturer's instructions. Washing and detection conditions were as described by Engler et al. (1994) . Dry slides were mounted (Polymount, Polysciences Inc., Warrington, PA) and examined by dark-and bright-field microscopy (Axiophot microscope, Zeiss).
Production of Recombinant Nlj16 Protein in Escherichia coli
The 470-bp BgZII-HincII fragment of the full-length LjNODl6 cDNA, which contained the entire coding region of the nodulin LjNODl6 gene, was blunt-ended using Klenow enzyme and cloned into dephosphorylated expression vector (pET 15B, Novagen, Madison, WI), which had been digested with XkoI and blunt-ended with Klenow enzyme. The construct with the insert cloned in the sense orientation was identified by digestion with XkoI and BamHI. In-frame fusion of the coding region of LjNOD16 to the N-terminal His tag of pET 15B was confirmed by DNA sequencing. The construct was transformed into E. coli strain BL21 (DE3, Novagen) for expression of the recombinant protein. The His-tag-Nljl6 fusion protein was purified under denaturing conditions with resin (His-Bind Resin, Novagen) following the manufacturer's instructions. The His tag was cleaved off by digestion with thrombin (Novagen) and the Nlj16 recombinant protein was further purified by passing it through the resin column after digestion. The flow-through and wash fractions were collected. Nlj16 was refolded by dialyzing against PBS (Sambrook et al., 1989) overnight. The refolded protein was mixed with adjuvant (TiterMax, CytRx Corp., Norcross, GA) and used for immunization of rabbits following the instructions in the manual.
Western Blot Analysis
The total protein extracts from L. japonicus and M. sativa roots and nodules were obtained by grinding tissues in liquid nitrogen and boiling for 5 min in extraction buffer (100 mM Tris, pH 6.8, 5% SDS, 0.5% P-mercaptoethanol). For western blot analysis, 50 pg of total protein was separated by SDS-PAGE (Laemmli, 1970) using 15% acrylamide gels, and electroblotted overnight onto nitrocellulose membranes (Protran, Schleicher & Schuell) in Towbin buffer (Towbin et al., 1979) supplemented with 0.05% SDS. Blocking, binding, and washes were performed in PBS supplemented with 0.3% Tween 20 (Sigma). Preimmune and immune sera from a rabbit immunized with Nlj16 recombinant protein were used in a 1:2000 dilution. Antibody detection was performed using goat anti-rabbit antibodies conjugated to alkaline phosphatase (Kirkegaard and Perry Laboratories, Gaithersburg, MD).
RESULTS ldentification and Cloning of the 1. japonicus PCR-5 cDNA
The recent development of arbitrarily primed RNA fingerprinting techniques, also known as RNA differential display, has resulted in an experimental tool with exciting potential for the detection of differential gene expression during complex biological processes (Liang and Pardee, 1992; Welsh et al., 1992) . We have employed this technique to construct a library of L. japonicus late-nodulin ESTs (K.
Szczyglowski, D. Hamburger, P. Kapranov, and F.J. de Bruijn, unpublished data). Our experiments involved a simple comparison of RNA profiles from two samples: mature, 21-d uninfected roots and fully developed nodules harvested 21 d after infection. Thirteen different combinations of PCR primers were initially used. Five bands appeared to be differentially expressed on display gels. These were excised, reamplified by PCR, and analyzed using northern blot analysis and DNA sequencing. Three out of five differentially displayed cDNA products corresponded to nodule-specific mRNAs, as determined by northern blot analysis (data not shown). One of the differentially expressed cDNAs, designated PCR-5, was found to be 607 bp long and showed no significant homology to DNA sequences in the databases (data not shown). We chose this cDNA for further detailed molecular characterization.
Northern blot analysis was used to correlate specific phases in nodule development with the expression pattern of the gene corresponding to the PCR-5 cDNA. This experiment revealed that the PCR-5 product corresponded to a highly abundant late-nodulin mRNA species. The mRNA corresponding to PCR-5 was found to be detectable between 7 and 11 d after infection, and to accumulate gradually to a high leve1 in fully developed, 21-d-old nodules (see Fig. 1 ). The observed kinetics of mRNA accumulation resembled very closely the pattern of L. japonicus leghemoglobin gene expression (data not shown), justifying the categorization of this gene as a late-nodulin gene.
"o days after •g infection 8 7 11 13 21 -18S Figure 1 . Northern blot analysis of PCR5 expression. Ten micrograms of total RNA isolated from 21-d-old uninfected roots (control) and root segments and nodules harvested 7, 11, 13, and 21 d after infection was analyzed using the radiolabeled PCR-5 product as a probe (top). The blot was reprobed with 18S rDNA as an RNA loading control (bottom).
had different lengths of 3'-nontranslated regions. Six different sites of poly(A) + addition were identified in the cDNAs. The sequence of the longest cDNA clone is shown in Figure 2A (accession no. U64964). The different polyadenylation sites, derived from the sequences of the corresponding cDNA clones, are as indicated. Further analysis of the DNA sequence of the longest cDNA clone revealed that it contained a 41-bp, 5' untranslated region, followed by an open reading frame 423 nucleotides long, and a 546-bp, 3' untranslated region. The stop codon (TAA) was found to be located 6 bp upstream of the putative AUG initiation triplet, indicating that the cDNA contains the entire coding region (Fig. 2A) . The deduced protein sequence was found to correspond to a polypeptide of 141 amino acid residues and a molecular weight of approximately 15.6 kD. Therefore, we propose that our cDNA represents a late L. japonicus nodule-specific gene, designated LJNOD16, encoding a 15.6-kD nodule-specific protein (nodulin N1J16).
Nodulin NIJ16 Contains a Long a-Helical Domain and Is Homologous to Two Anonymous ESTs from A. thaliana
A hydropathy profile of nodulin N1J16 was derived using the algorithm of Kyte and Doolittle (1982) and LASER-GENE software (DNASTAR, Madison, WI). This analysis indicated that the protein was mostly hydrophilic, except for a hydrophobic stretch of 16 amino acids, with tetrad repeats of Pro residues at the N-terminal end ( Fig. 2B ; see also Fig. 2A ). Secondary structure analysis using the PHDsec program (Rost and Sander, 1993,1994) predicted with a high probability (7-9 on a scale from 0 to 10) the presence of two adjacent a-helical regions divided by a loop or turn ( Fig. 2A) . The relatively long a-helical domain, spanning 80 out of 141 amino acid residues of the N1J16 protein, would be expected to form a coiled-coil-type protein structure, as predicted by the COILS version 2.2 program (Lupas, 1996) . A homology search using the BLAST algorithm (Altschul et al., 1990) Fig. 3 ) and EST 110G16 (644 bp; A. thaliana EST2; Fig. 3 ), which represent 200 and 150 amino acids, respectively, from the C-terminal ends of the proteins, showed a high level of homology to each other throughout the whole amino acid sequence (Fig. 3) . In addition, a significant similarity between the A. thaliana ESTs and the amino acid sequence of the N1J16 protein, especially in its a-helical domain, was found (Fig. 3) . The region of the 168K8 EST with the highest similarity to the a-helical domain of Nljl6 also had a high probability to form two a-helices and to participate in generating coiled-coil structures, as predicted by the PHDsec (Rost and Sander, 1993, , 1996) programs. A computer search of the PROSITE and BLOCKS databases did not reveal any distinct conserved amino acid motifs in nodulin N1J16 or in the protein sequences derived from the Arabidopsis ESTs.
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Tissue-Specific Expression of the LJNOD16 Gene
To gain further insight into the tissue specificity of LJNOD16 gene expression, total RNA isolated from L. japonicus flower, leaf, stem, root, and fully developed nodule tissues was analyzed using northern blot hybridization (Fig.  4) . The LJNOD16 gene was found to be expressed exclusively in the nodule tissues, as revealed after a brief, 7.5-h exposure of the blot (data not shown). However, prolonged exposure of the blot over a period of 7 d revealed the presence of a very low level of hybridizing mRNA species in uninfected roots and flowers. In the latter case, an mRNA species of approximately 2500 nucleotides could be detected, as opposed to the 900-to 1200-nucleotide-long transcripts consistently found in L. japonicus nodules. Therefore, we conclude that the LJNOD16 gene represents a nodulin gene, and that a related gene(s) with a different expression pattern may exist in the L. japonicus genome. Northern blot analysis was also performed using total RNA isolated from various organs of A. thaliana plants, and A. thaliana EST1 or A. thaliana EST2 cDNAs were used as probes. An example of this analysis using A. thaliana EST1 is shown in Figure 5 . Both ESTs hybridized to an approximately 3000-nucleotidelong mRNA in all tissues tested.
Organization of LJNOD16 Gene in Genomes of L. japonicus and Other Legume Plants
Southern blot analysis was performed to determine the number of LJNOD16 genes in the L. japonicus genome.
Genomic DNA isolated from L. japonicus plants was digested to completion using four different restriction enzymes and hybridized with an [a-32 P]dATP-labeled probe, representing the PCR-5 cDNA sequence. Under highstringency conditions (see "Materials and Methods"), a single hybridizing band was observed for three out of four different restriction digests (note that a Hindlll site is present in the PCR-5 cDNA sequence), indicating that the LJNOD16 gene is represented by a single-or low-copy gene number in the L. japonicus genome (Fig. 6A) . To determine whether a gene(s) homologous to L. japonicus LJNOD16 was present in the genomes of other legumes, a Southern hybridization was performed using the full-length cDNA for LJNOD16 as a probe. Several hybridizing bands were observed in genomic DNA isolated from Lotus corniculatus, Glycine max, and M. saliva plants. Three additional hybridizing fragments were detected in the L. japonicus genome under moderate stringency conditions using the full-length cDNA as a probe (Fig. 6B) . The latter results indicate the presence of L/NODJ6-related genes in the L. japonicus genome, and support the conclusion reached above based on the northern blot analysis (see Fig. 4 ). scripts were used as probes. Upon examination of several consecutive sections derived from different L. japonicus nodules, we observed that expression of LJNOD16 was restricted to the infected cells of the nodule (Fig. 7 , B and C), which closely resembled the expression pattern of the L. japonicus leghemoglobin mRNA (Fig. 7D) . No expression of LJNOD16 was detected in uninfected interstitial cells, nor in peripheral tissues such as the cortex and endodermis. In addition, no hybridization signals were observed when digoxigenin-UTP-labeled sense RNA transcripts corresponding to LJNOD16 were used as a probe (Fig. 7A) .
The M. sativa LJNOD16 Homolog Is Expressed Specifically in Nodules
Because the L. japonicus LJNOD16 cDNA probe hybridized to DNA sequences in the M. sativa genome, we investigated the tissue-specific expression of the corresponding gene(s) using northern blot analysis. Ten micrograms of the total RNA isolated from different M. sativa tissues was hybridized with the radiolabeled L. japonicus LJNOD16 cDNA insert. Unexpectedly, no detectable signal could be found in any of the M. sativa tissues analyzed when total RNA was used (data not shown). We hypothesized, therefore, that the corresponding gene(s) might be expressed at a low level in the indeterminate nodules of M. sativa plants. We tested this assumption using 4 /xg of poly(A) + RNA derived from leaves, stems, roots, and nodules of the same 21-d-old M. sativa plant (Fig. 8) . Two hybridizing bands, corresponding to mRNA species of approximately 800 and 1800 nucleotides in length, respectively, could be detected specifically in nodules, but not in any other M. sativa tissues analyzed.
The L. japonicus NIJ16 Protein and Its M. sativa Homolog Can Be Detected in Nodules but Not in Roots
Polyclonal antibodies were raised against the recombinant L. japonicus N1J16 protein and used to carry out a western blot analysis using total protein extracts from roots and nodules of L. japonicus and M. sativa plants (Fig. 9) . The recombinant Nljl6 protein was loaded on the SDS-PAGE gel as a positive control. Five to six protein bands in the range of 16 to 19 kD could be consistently detected in the extract derived from L. japonicus nodules, but not from L. japonicus roots (Fig. 9A) . In comparison, a 10-kD protein was specifically detected in M. sativa nodule extract (Fig.  9A ). Intense protein bands were also observed in M. sativa root extracts. Because they could also be detected using the preimmune serum, it is highly unlikely that they reflect specific reactions with the anti-LjN16 antibody (Fig. 9B) . The preimmune serum failed to detect the control recombinant Nljl6 protein. In addition, neither the L. japonicus 16-to 19-kD protein bands nor the 10-kD protein from M. sativa nodule extracts were recognized by preimmune serum (Fig. 9B) . The same nodule proteins were, however, specifically detected with the antibodies purified from the anti-Nlj!6 serum by affinity chromatography over a column with a recombinant N1J16 protein (data not shown).
On the other hand, the immunodepleted fraction of the serum could no longer efficiently recognize the 16-to 19-kD protein bands in L. japonicus nodules (data not shown). Based on these results, we conclude that the proteins detected specifically in the nodule extracts of both plants analyzed are likely to correspond to nodulin N1J16 and its M. sativa homolog, respectively. 
DISCUSSION
We have isolated and characterized a cDNA clone from the model legume L. japonicus, which represents a novel, late-nodulin gene designated LJNOD16. One intriguing feature of the LJNOD16 is its very high level of nodule-specific transcriptional activity, which is similar to the transcriptional activity of the leghemoglobin genes in L. japonicus nodules. This property inspired us to perform a more detailed molecular analysis of the LJNOD16 gene. The expression pattern of this gene, based on the developmental northern blot analysis, showed distinct characteristics of late-nodulin genes. The corresponding mRNA was first detectable in the L. japonicus roots around 11 d after Rhizobium infection and accumulated to a very high level in fully developed nodules. This expression pattern may suggest that the product of the LJNOD16 gene is involved in relatively late stages of nodule ontogeny and/or nodule functioning. This assumption was further supported by the localization of transcripts corresponding to the LJNOD16 gene in infected cells of L. japonicus nodules. Infected-cellspecific expression has also been demonstrated for leghemoglobin (Ib) genes (Szczyglowski et al., 1994) . Because in situ localization experiments were performed using fully developed L. japonicus nodules, it is not clear whether the induction of LJNOD16 gene expression precedes bacterial colonization of the plant cells, or occurs concomitantly with the release of symbiotic bacteria from the infection threads and commencement of nitrogen fixation. The latter expression pattern is characteristic of the majority of late-nodulin genes identified thus far (Covers et al., 1987; Nap and Bisseling, 1990) . Taking into account the time point after Rhizobium infection when the LJNOD16 gene becomes activated, we propose that it is a late-nodulin gene coordinately induced just prior to or concomitant with the commencement of nitrogenase activity.
Northern blot analysis using different L. japonicus tissues revealed the presence of very low levels of mRNAs hybridizing to LJNOD16 in uninfected roots and flowers, in addition to nodules. A faint band corresponding to the size of the LJNOD16 mRNA was detected in the uninfected roots after a prolonged exposure of the blot. A different mRNA species of approximately 2500 nucleotides was detected in flowers, suggesting that there may be more than one gene related to LJNOD16 in the L. japonicus genome. This assumption was supported by the data obtained from our Southern blot analyses. Several hybridizing bands of different intensities were observed under moderately stringent conditions. However, when high-stringency hybridization conditions were used, and the 3'-portion of the LJNOD16 cDNA (PCR5) was employed as a probe, single hybridizing bands were detected, indicating that the LJNOD16 gene is likely to be represented by a single-or low-copy gene in the L. japonicus genome. A full-copy LJNOD16 cDNA hybridized with several genomic fragments derived from different legume species. This result suggests that the sequences related to the L. japonicus LJNOD16 gene are present in the genomes of different legume plants, and may play a role in both determinate and indeterminate nodules. This assumption was supported by the results of the northern analysis using mRNAs derived from different M. saliva tissues. The LJNOD16 cDNA probe hybridized specifically with two distinct, nodule-specific mRNA species, indicating that homologous transcripts are present in the indeterminate nodules of M. sativa plants.
The level of alfalfa mRNAs appeared to be significantly lower than the level of LJNOD16 mRNA in L. japonicus nodules. In the former case, 4 /ng of poly(A) + RNA and a long exposure time of 7 to 10 d produced detectable hybridization signals, clearly contrasting with the situation observed in the L. japonicus nodules. The apparent low abundance of alfalfa NODI 6 mRNAs is not likely to be due to the fact that a heterologous L. japonicus LJNOD16 probe was used, because the same DNA insert gave a clearly detectable signal when hybridized with M. sativa genomic DNA (Fig. 6B) . Although this remains to be proven, it is possible that a different mode of gene regulation may account for the observed difference in the abundance of homologous mRNAs in nodules of L. japonicus and M. sativa plants. It is noteworthy here that in the case of the L. japonicus nodule extract, an array of closely migrating proteins was consistently detected using anti-Nlj!6 antibody. Although the basis for this phenomenon is not clear, it may reflect the presence of different forms of N1J16 protein in the L. japonicus nodules, perhaps due to posttranslational modifications.
A detailed analysis of the amino acid sequence of the L. japonicus protein, deduced from the full-length cDNA sequence, revealed the presence of several interesting domains. N1J16 was predicted to be a soluble protein, as suggested by Kyte-Doolittle hydropathy analysis. However, Nljl6 contains a hydrophobic domain, consisting of regularly spaced prolines, the function of which is not clear. Secondary structure predictions strongly indicated the presence of an extended a-helical domain, in which two a-helices are separated by a putative turn. Homology searches using the predicted amino acid sequence of N1J16 revealed a significant similarity to two closely related anonymous Arabidopsis ESTs mostly in the predicted a-helical domain. Both L. japonicus and Arabidopsis a-helical sequences showed a very high propensity to form a coiled-coil-type structure, which may indicate that the nodulin N1J16, as well as the Arabidopsis proteins, may interact with as yet unknown proteins in the plant cells.
With regard to the size of corresponding mRNAs, the Arabidopsis ESTs seem to represent a counterpart of the flower-specific L. japonicus mRNA. The mRNA corresponding to the nodule-specific gene is significantly smaller than either Arabidopsis or L. japonicus flower mRNA species. It is tempting, therefore, to speculate that the nodulin N1J16 may represent a truncated version of the otherwise constitutively expressed proteins (as exemplified by the ubiquitous expression of the Arabidopsis ESTs), primarily harboring the conserved domain, which was adopted during evolution for specific symbiotic function(s). However, the exact role of nodulin N1J16 in the infected cells of L. japonicus nodules remains to be determined. 
